Introduction {#s1}
============

*Apis cerana cerana*, the Eastern honey bee, is a honey bee species native to China. It is widely-kept in China, with more than 2 million colonies, and brings substantial economic benefits to beekeepers. Compared with the Western honey bee (*Apis mellifera*), *A. c. cerana* has a stronger resistance to the mite, *Varroa destructor* [@pone.0047954-Peng1], and is better at collecting nectar from scattered floral resources [@pone.0047954-Cheng1].

Despite its economic importance, molecular biology research and sequence information for *A. c. cerana* functional genes are extremely lacking. Currently, there are only 124 mRNA sequences available in the NCBI database for *A. c. cerana*. This is extremely unfavorable for carrying out gene function research in *A. c. cerana*. Therefore, obtaining more gene transcription information of *A. c. cerana* is important for unraveling transcriptome complexity; for the identification of new transcription units, alternative splicing, and single nucleotide polymorphisms (SNP); and for performing gene function research in this species.

The queens and workers are two different castes of female honey bees with different physiological characteristics, such as body size, behavior, physiology, and life-span [@pone.0047954-Page1]. For example, the queens are fertile, while the workers are nearly sterile. Moreover, the life-span of queens is 10 times longer than that of the workers. Much research about caste differentiation and other physiological differences between queens and workers has been conducted in the Western honey bee, *A. mellifera* [@pone.0047954-Severson1]--[@pone.0047954-Begna2]. Severson *et* *al*. performed the first large-scale study on the molecular biology of caste differentiation in *A. mellifera* [@pone.0047954-Severson1]. They demonstrated, by *in vitro* translation analyses that queens and workers differ in their mRNA profiles during the larval and prepupal stages. Evans & Wheeler first identified seven differentially expressed genes by subtractive hybridization [@pone.0047954-Evans1]. Further research by microarray indicated that queens overexpressed several metabolic enzymes and workers overexpressed a member of the cytochrome P450 family, hexameric storage proteins, and dihydrodiol dehydrogenase [@pone.0047954-Evans2]. Using a cDNA microarray based on more than 6,000 *A. mellifera* ESTs, Barchuk *et* *al*. found 240 differentially expressed genes (DEGs) between developing queens and workers [@pone.0047954-Barchuk1]. They found that many DEGs are likely to be involved in processes favoring the development of caste-biased structures, such as brain, legs, and ovaries, as well as genes that code for cytoskeleton constituents. Other studies revealed gene expression differences between the two castes in the hypoxia pathway [@pone.0047954-Azevedo1], TOR pathway [@pone.0047954-Patel1], [@pone.0047954-Mutti1], insulin signaling pathway [@pone.0047954-Wheeler1], [@pone.0047954-deAzevedo1], antioxidant pathway [@pone.0047954-Corona1], and reproductive status [@pone.0047954-Grozinger1]--[@pone.0047954-Thompson1]. Li *et* *al*. compared the expression differences of total proteins, mitochondrial proteins, and nuclear proteins during larvae caste determination of *A. mellifera* using proteomic approaches [@pone.0047954-Li1]--[@pone.0047954-Begna2].

Aside from the honey bee, studies for analyzing gene expression differences between queens and workers have also been conducted in other social Hymenoptera insects, including Bumble bee *Bombus terrestris* [@pone.0047954-Pereboom1], stingless bee *Melipona quadrifasciata* [@pone.0047954-Judice1], [@pone.0047954-Judice2] and ant *Lasius niger* [@pone.0047954-Grff1].

Illumina RNA sequencing (RNA-seq) is a recently developed high-throughput sequencing method which uses deep sequencing technology to produce millions of short cDNA reads. By aligning these short reads against a reference genome, or assembling them *de novo* without the genomic sequence, we can quickly get a genome-scale transcription map containing both the transcriptional structure and the level of expression for each gene. This technology was widely used for creating *de novo* assembly in many organisms, including some insects (e.g. *Bemisia tabaci* [@pone.0047954-Wang1] and *Nilaparvata lugens* [@pone.0047954-Xue1]), and plants (e.g. *Taxus* [@pone.0047954-Hao1] and *Hevea brasiliensis* [@pone.0047954-Xia1]).

Digital gene expression (DGE), an improved version of the serial analysis of gene expression (SAGE) technique, is another recently developed approach for gene expression analysis. It is a tag-based transcriptome sequencing approach in which many 21 bp tag sequences from the 3′ end of each mRNA molecules are produced by high-throughput sequencing. The expression level of all the genes in a sample is measured by counting the number of tags produced from each gene. Compared with RNA-seq, DGE protocol is more suitable and affordable for comparative gene profiling without compromise or potential bias. DGE and RNA seq technologies have been used in transcriptome profiling studies for various applications, including cellular development, cancer, and immune defense in various organisms [@pone.0047954-Markovets1]--[@pone.0047954-Mu1].

In this study, we constructed a cDNA library and obtained 46999 unigenes through Illumina RNA sequencing and sequence assembly. Moreover, we constructed two DGE libraries of the newly emerged queens and workers, and obtained 414 differentially expressed genes between them after sequencing and data analysis. All these results provide a shortcut for identifying new functional genes and useful information for studying the molecular biology of the queen-worker differentiation in *A. c. cerana*.

Results {#s2}
=======

Illumina sequencing and sequence assembly {#s2a}
-----------------------------------------

Illumina RNA sequencing generated a total of 55,303,332 raw reads ([Table 1](#pone-0047954-t001){ref-type="table"}). After filtration, 51,581,510 clean reads with accumulated length of 4,642,335,900 bp remained for further analysis, the Q20 percentage (sequencing error rate, 1%) was 97.55%, and the GC percentage was 41.92%. These clean reads were assembled into 99,250 contigs with a mean length of 332 bp. The N50 of contigs was 518 bp. These contigs were further assembled by paired-end joining and gap-filling, and clustered into unigenes. Finally, we obtained 46,999 unigenes, including 5,243 clusters and 41,756 singletons, with a mean length of 676 bp. The N50 of unigenes was 998 bp. The size distribution indicated that the lengths of the 9,114 unigenes were more than 1,000 bp ([Figure 1](#pone-0047954-g001){ref-type="fig"}).

![Length distributions of the *de novo* assembly for contigs and unigenes.\
The length distribution of contigs and unigenes were counted with an interval of every 100 bp from 200 bp to 3000 bp. Each number in the x-axis indicates a region of sequence length covering 100 bp, for example, "200"represents a region of sequence length \[200, 300).](pone.0047954.g001){#pone-0047954-g001}
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###### Summary for *A. c. cerana* transcriptome.

![](pone.0047954.t001){#pone-0047954-t001-1}

  ------------------------------ ---------------
  Total number of reads            55,303,332
  Total clean Reads                51,581,510
  Total clean Nucleotides (bp)    4,642,335,900
  Q20 percentage                     97.55%
  GC percentage                      41.92%
  Total number of contigs            99,250
  Mean length of contigs               332
  Total number of unigenes           46,999
  Mean length of unigenes              676
  N50 of unigenes                      998
  Distinct clusters                   5,243
  Distinct singletons                41,756
  ------------------------------ ---------------

Functional annotation of unigenes {#s2b}
---------------------------------

For annotation, all the distinct unigene sequences were searched against NR, Swissprot, GO, COG, and KEGG databases by BLASTX with a cut-off E-value of 10^−5^ ([Table S1](#pone.0047954.s002){ref-type="supplementary-material"}). By this method, a total of 24,630 unigenes (52.4% of all unigenes) returned an above cut-off BLAST result ([Table 2](#pone-0047954-t002){ref-type="table"}). Of them, 24,001 unigenes were annotated by NCBI (51.07%), and 18,138 (38.59%), 15607 (33.21%), 7860 (16.72%), and 8064 (17.16%) unigenes by SwissProt, KEGG, COG, and GO respectively.

10.1371/journal.pone.0047954.t002

###### Annotation of unigenes.

![](pone.0047954.t002){#pone-0047954-t002-2}

               Number of   Percentage of
  ----------- ----------- ---------------
  Nr            24,001        51.07%
  Swissprot     18,138        38.59%
  GO             8,064        17.16%
  COG            7,860        16.72%
  KEGG          15,607        33.21%
  Total         24,630        52.41%

GO assignments were used to classify the functions of the predicted *A. c. cerana* unigenes. Based on sequence homology, 8,064 unigenes could be categorized into three main categories with a total of 51 functional groups ([Figure 2](#pone-0047954-g002){ref-type="fig"}). In each of the three main categories (biological process, cellular component, and molecular function) of the GO classification, "cellular process," "cell," and "binding" terms were dominant. We also noticed a high-percentage of genes in the categories of "metabolic process," "cell part," and "catalytic activity."

![Gene Ontology classification of unigenes.\
Unigenes were annotated in three main categories: biological process, cellular component, and molecular function. The left y-axis indicates the percentage of a specific category of unigenes in that main category. The right y-axis indicates the number of unigenes in a category.](pone.0047954.g002){#pone-0047954-g002}

To further evaluate the function of the assembled unigenes, we searched the annotated sequences for the genes involved in Clusters of Orthologous Groups (COG). In total, out of 24,630 annotated unigenes, 7,860 unigenes had a COG classification ([Figure 3](#pone-0047954-g003){ref-type="fig"}). These unigenes were distributed in 25 COG categories, among them, the cluster "general function prediction" was the largest group (3,198), followed by "transcription" (1,540), "replication, recombination, and repair" (1,468) and "translation, ribosomal structure, and biogenesis" (1,442). The categories "nuclear structure (6)," "extracellular structures (24)," and "RNA processing and modification (78)" were the smallest groups.

![COG classification of unigenes.\
Out of 24,630 annotated unigenes, 7860 sequences had a COG classification among the 25 categories.](pone.0047954.g003){#pone-0047954-g003}

The *A. c. cerana* unigenes were further annotated by mapping the 24,630 annotated sequences onto reference canonical pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG). In total, 15,607 sequences were assigned to 242 KEGG pathways ([Table S2](#pone.0047954.s003){ref-type="supplementary-material"}). The pathway in which unigenes were most enriched was "metabolic pathways" (1,882), followed by "regulation of actin cytoskeleton" (603), "pathways in cancer" (557), and "RNA transport" (542).

Digital gene expression (DGE) library sequencing {#s2c}
------------------------------------------------

*A. c. cerana* queen and worker DGE libraries were constructed and sequenced to investigate the expression profiles of all the unigenes between them, generating 6.06 and 5.76 million raw tags in each library. After filtering out low quality tags, the total number of clean tags in each library were 5.96 and 5.66 million ([Table 3](#pone-0047954-t003){ref-type="table"}), and the percentage of clean tags relative to raw tags in each library were 98.44% and 98.38% ([Figure 4](#pone-0047954-g004){ref-type="fig"}). Among the clean tags, the number of sequences that could be mapped to reference unigenes were 3.77 and 3.96 million, and the percentage of these clean tags were 63.23% and 69.89% in the queen and worker libraries. In each library, clean tags with copy numbers of more than 100 were more than 84%, but their distribution in distinct clean tags did not exceed 7% ([Figure 5](#pone-0047954-g005){ref-type="fig"}). In contrast, the tags with copy numbers between 2 to 5 showed a broad distribution of distinct clean tags.

![Distribution of total tags (A) and distinct tags (B) over different tag abundance categories in each sample.\
The numbers and percentage of tags containing N, empty tags with adaptor only, tags with copy number \<2 and clean tags, are shown.](pone.0047954.g004){#pone-0047954-g004}

![Distribution of total clean tags (A) and distinct clean tags (B) over different tag abundance categories in each sample.\
Numbers in the square brackets indicate the range of copy numbers for a specific category of tags. For example, [@pone.0047954-Cheng1], [@pone.0047954-Evans1] means all the tags in this category has 2 to 5 copies. Numbers in the parentheses of (A) and (B) respectively show the total copy number of the clean tags and the total types of clean tags in that category.](pone.0047954.g005){#pone-0047954-g005}
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###### Statistics of DGE sequencing.

![](pone.0047954.t003){#pone-0047954-t003-3}

  Summary                                          Queen              Worker   
  ------------------------------------ ----------------------------- --------- ---------
  Raw Data                                         Total              6057310   5757006
  Raw Data                                     Distinct Tag           168534    166482
  Clean Tag                                    Total number           5962735   5663952
  Clean Tag                                 Distinct Tag number        78773     77843
  All Tag Mapping to unigene                   Total number           3770323   3958603
  All Tag Mapping to unigene               Total % of clean tag       63.23%    69.89%
  All Tag Mapping to unigene                Distinct Tag number        33185     33080
  All Tag Mapping to unigene            Distinct Tag % of clean tag   42.13%    42.50%
  Unambiguous Tag Mapping to unigene           Total number           3509889   3713507
  Unambiguous Tag Mapping to unigene       Total % of clean tag       58.86%    65.56%
  Unambiguous Tag Mapping to unigene        Distinct Tag number        28567     28490
  Unambiguous Tag Mapping to unigene    Distinct Tag % of clean tag   36.26%    36.60%
  All Tag-mapped unigenes                         number               15214     15657
  All Tag-mapped unigenes                   \% of ref unigenes        32.37%    33.31%
  Unambiguous Tag-mapped unigenes                 number               11399     11768
  Unambiguous Tag-mapped unigenes           \% of ref unigenes        24.25%    25.04%
  Unknown Tag                                  Total number           2192412   1705349
  Unknown Tag                              Total % of clean tag       36.77%    30.11%
  Unknown Tag                               Distinct Tag number        45588     44763
  Unknown Tag                           Distinct Tag % of clean tag   57.87%    57.50%

Saturation analysis was performed to detect a positive association between the number of detected genes and the sequencing amount (total tag number). As shown in [Figure S1](#pone.0047954.s001){ref-type="supplementary-material"}, when the sequencing amount of the two DGE libraries reached near 3 M, the number of detected genes almost ceased to increase.

Mapping tags to the reference transcriptome database {#s2d}
----------------------------------------------------

To reveal the molecular events behind DGE profiles, we mapped the tag sequences of the two DGE libraries to our transcriptome reference database generated in the above mentioned Illumina sequencing. This reference database contained 46,999 distinct sequences with 59,762 unambiguous reference tags. Among the 78,773 and 77,843 distinct clean tags generated from the Illumina sequencing of the two libraries, 33,185 and 33,080 distinct clean tags were mapped to one or multiple unigenes in the reference database ([Table 3](#pone-0047954-t003){ref-type="table"}). Tags mapped to a single unique sequence were the most critical subset of the DGE libraries, as they could explicitly identify a transcript. In the queen and worker libraries, 36.26% and 36.60% of distinct clean tags were mapped to unique sequences respectively. Of these, about half mapped to sense strand of the unigenes, and another half mapped to antisense strand of the unigenes ([Figure 6](#pone-0047954-g006){ref-type="fig"}). There were 36.77% and 30.11% of the total clean tags corresponding to 57.87% and 57.50% of the distinct clean tags could not be mapped to any unigene. Up to 24.25% (11,399) and 25.04% (11,768) of the unigenes in our transcriptome reference database could be unequivocally identified by unique tag ([Table 3](#pone-0047954-t003){ref-type="table"}).

![Distribution of total clean tags (A) and distinct clean tags (B) on unigenes.\
PM(Sense): perfect match to gene (sense); 1 tag-\>1 gene: one tag match to one gene; 1 tag-\>n gene: one tag match to more than one gene; 1 MM(Sense): match to gene (sense) with 1 bp mismatch; PM(AntiSense): perfect match to anti-sense gene; 1 MM(Anti-Sense): match to anti-sense gene with 1 bp mismatch; Unknown Tag: not match to gene (sense and anti-Sense).](pone.0047954.g006){#pone-0047954-g006}

Differentially expressed genes between queens and workers of *A. c. cerana* {#s2e}
---------------------------------------------------------------------------

To identify genes showing a significant change in expression between the newly emerged queens and workers, differentially expressed tags between these two libraries were identified by an algorithm developed by Audic et al [@pone.0047954-Audic1]. Between worker and queen libraries, a total of 414 differentially expressed genes were detected, with 189 up-regulated genes and 225 down-regulated genes in queens ([Table S3](#pone.0047954.s004){ref-type="supplementary-material"}). Of the differentially expressed genes, 214 genes could not be annotated or annotated as "hypothetical protein" or "uncharacterized protein"; that is, their functions are unknown.

To understand the functions of these differentially expressed genes, all the differentially expressed genes were mapped to terms in the GO database and compared to the whole transcriptome background. Of the 414 differentially expressed genes, 72 genes have a GO ID and can be categorized into 172 functional groups in three main categories ([Table S4](#pone.0047954.s005){ref-type="supplementary-material"}). In each of the three main categories (biological process, cellular component, and molecular function) of the GO classification, "metabolic process," "cell," and "catalytic activity" terms were dominant. Moreover, two terms were significantly enriched (P-value \<0.05) in the "biological process" category, while no terms were significantly enriched in the "cellular component" and "molecular function" categories. To further investigate the biochemical pathways of these differentially expressed genes, we mapped all of the differentially expressed genes to terms in KEGG database and compared this with the whole transcriptome background. Of the 414 differentially expressed genes, 157 unigenes had a KO ID and could be categorized into 140 pathways ([Table S5](#pone.0047954.s006){ref-type="supplementary-material"}). Of those, 16 pathways were significantly enriched (Q-value \<0.05), and genes involved in metabolic pathways were the most significantly enriched.

In these differentially expressed genes, many were already reported to be differentially expressed between queens and workers. Vitellogenin (CL5161.Contig1), a critical protein involved in reproduction and caste differentiation [@pone.0047954-Guidugli1], [@pone.0047954-Corona2], and two hexamerin: hexamerin 110 (CL1143.Contig1) and hexamerin 70a (CL1653.Contig1), important factors reported to be involved in queen-worker caste differentiation of social insects [@pone.0047954-Martins1]--[@pone.0047954-Zhou2], were all up-regulated in the queens. Other genes reported to be related to caste differentiation of the honey bee were also found in our study, including ribosomal proteins, cytochrome P450s, cuticle proteins, and odorant binding proteins [@pone.0047954-Barchuk1]. We found six ribosomal protein genes (Unigene35563, Unigene2422, Unigene14816, Unigene7158, Unigene34160, and CL3917.Contig1) that were up-regulated in workers in comparison to the queens. Three cytochrome P450 genes (CL4487.Contig1, Unigene40252 and Unigene35287) were all up-regulated in queens. Five cuticle protein genes (Unigene16699, CL816.Contig1, CL782.Contig1, Unigene6752, Unigene15851) showed expression difference between queens and workers, with four (CL816.Contig1, CL782.Contig1, Unigene6752, Unigene15851) up-regulated in workers and one (Unigene16699) up-regulated in queens. We found two odorant binding proteins (Unigene15202, Unigene16694) both up-regulated in queens, and one pheromone-binding protein (Unigene15791) up-regulated in workers. Besides these, genes belonging to oxidoreductases, mitochondrial genes, and transporters also showed expression differences between queens and workers.

To verify the DGE data, we chose ten differentially expressed unigenes to detect their expression between adult queens and workers using quantitative RT-PCR ([Table S6](#pone.0047954.s007){ref-type="supplementary-material"}). Total RNAs from queens and workers were used as templates, and the *A. c. cerana β-actin* gene was chosen as the control. The result showed that the real time PCR results of all these unigenes were consistent with the DGE data ([Figure 7](#pone-0047954-g007){ref-type="fig"}).

![Verification of ten differentially expressed unigenes between queen and worker by quantitative RT-PCR.\
All ten unigenes showed significant difference (\*p\<0.05, \*\*p\<0.01) between queens and workers by *t*-test.](pone.0047954.g007){#pone-0047954-g007}

Discussion {#s3}
==========

Until recently, sequence data of *A. c. cerana* was scarce, so obtaining more sequence information was a priority for researchers in order to perform gene function research in *A. c. cerana*. In this study, we sequenced and annotated a reference transcriptome for the *A. c. cerana* using next-generation sequencing technologies, and obtained 4.64 Gb of transcriptome data and a total of 11.62 M of gene expression tags. As far as we know, this is the first study for obtaining whole transcriptome information using the RNA-seq approach in *A. c. cerana*. Our results provide the most extensive sequencing resource published for *A. c. cerana*.

In this study, we performed *de novo* assembly of transcriptome using short raw reads, due to a lack of *A. c. cerana* genome sequences. The mean length of the unigenes obtained in our study is 676 bp, which is significantly higher than in other studies using transcriptome sequencing and assembly [@pone.0047954-Wang1], [@pone.0047954-Xue1], [@pone.0047954-Xia1]. Moreover, to further evaluate the sequencing and assembly quality, we downloaded 26 already reported *A. c. cerana* mRNA sequences containing the complete coding region from the Genbank, and searched for them in the *A. c. cerana* unigenes database using BLASTN with a cut-off E-value of 1e-30. The results showed a mean identity of 98.0% and query coverage of 82.06%, suggesting high quality of sequencing and assembly.

In the genus *Apis*, *A. cerana* and *A. mellifera* have the closest evolutionary relationship [@pone.0047954-Willis1], so genetic divergence between them should be slight, and they should share most of their functional genes. The whole genome sequence of *A. mellifera* is available and all of the function genes are predicted, which allows us to compare the *A. c. cerana* unigenes in this study with the predicted genes of *A. mellifera*. We aligned all of the unigenes with all the *A. mellifera* genes (including alternative splicing variants), downloaded from NCBI (<ftp://ftp.ncbi.nih.gov/genomes/Apis_mellifera/RNA/rna.fa.gz>), using BLASTN with an E-value of 1e-30, and found that 10,104 genes (86.09%) of all the predicted *A. mellifera* 11,736 genes can be matched to the *A. c. cerana* unigenes. These results indirectly suggest that our transcriptome sequences have a good coverage for all the *A. c. cerana* genes. We further analyzed the differences of genes related to important physiological characteristics between these two species, and found that the number of odorant receptor genes in *A. c. cerana* is far less than the number reported in *A. mellifera* [@pone.0047954-Robertson1]. There are just 18 unigenes annotated as "odorant receptor", compared to 170 in *A. mellifera* [@pone.0047954-Robertson1]. One possible reason is that these odorant receptor genes are specifically expressed in the antennae of honey bees [@pone.0047954-Robertson1]. Because RNAs from the antennae just occupy a very small proportion of the total RNA, their abundance might be much lower compared to those from other tissues. However, this explanation requires experimental verification.

Through DGE analysis, we obtained a total of 414 differentially expressed genes between queens and workers of *A. c. cerana*. Many of them were reported to be caste-specifically-expressed in previous research, such as vitellogenin [@pone.0047954-Guidugli1], [@pone.0047954-Corona2] and hexamerins [@pone.0047954-Martins1]--[@pone.0047954-Zhou2], which are key factors involved in the caste differentiation. Vitellogenin is reported to have antioxidant functions and thereby can prolong lifespan of the reproductive queen castes [@pone.0047954-Corona2], while acting as a hormone to affect the future foraging behavior of workers [@pone.0047954-Guidugli1]. Hexamerins, on the other hand, have been shown to regulate the soldier-caste differentiation in the termite *Reticulitermes flavipes* [@pone.0047954-Zhou1], [@pone.0047954-Zhou2]. These results not only suggest that the results of our DGE analysis are reliable, but also indicate that DGE is an efficient method to identify caste related genes in the honey bee.

To detect whether these differentially expressed genes between queens and workers are conserved among species, we compared all the differentially expressed genes detected in our study to those reported in other Hymenoptera insects, including bumblebee *Bombus terrestris* [@pone.0047954-Pereboom1], stingless bee *Melipona quadrifasciata* [@pone.0047954-Judice1], [@pone.0047954-Judice2], the ant *Lasius niger* [@pone.0047954-Grff1] and *A. mellifera* [@pone.0047954-Evans1]--[@pone.0047954-Barchuk1]. We found that just a few differentially expressed genes detected in the first three species overlapped with our results: a hexamerin gene, a cuticle protein gene, and a 60S ribosomal protein gene in *Bombus terrestris*, a cytochrome P450 gene in *Melipona quadrifasciata* and a vitellogenin gene in *Lasius niger*. The lack of overlap may be due to the relatively small number of differentially expressed genes detected in the other three species, due to the limitation of experimental methods adopted in these studies. When we compared the differentially expressed genes in our study to those in *A. mellifera* reported by three different research groups [@pone.0047954-Evans1]--[@pone.0047954-Barchuk1], 73 of the 414 DGE detected in our study overlapped between these two species, including viotellogenin, hexamerins, crystallin, cytochrome P450 genes, ribosomal protein genes, and cuticle protein genes. There might be more DGEs overlap between the *A. c. cerana* and *A. mellifera*, but were missed because the *A. mellifera* studies used whole body larvae or adults heads, while our study used whole body adults. All these results suggest that the pathway of caste differentiation of these social insects maybe have some degree of conservation among species.

Secreting royal jelly is an important feature of workers, and one of the most important differences between workers and queens. In this study, 7 ribosomal protein genes, which code for the main component of the ribosome and play important roles in protein synthesis, were up-regulated in workers. This may be due to the fact that the workers need to synthesize royal jelly, which is mainly composed of royal jelly proteins, while the queen does not. Although the sampled workers were newly emerged adult workers, at this stage the workers may have already begun to up-regulate the expression of these ribosomal protein genes to promote royal jelly protein synthesis.

Besides the reported genes related to the caste-specific differentiation of queens and workers in *A. mellifera* or other Hymenopteran insects, we also found many other genes showing expression differences between queens and workers. For example, four "venom" related genes (CL3467.Contig1, CL415.Contig1, Unigene6964, and Unigene7666) were up-regulated in queens. Interestingly, we found that two circadian rhythm genes, *period* (CL4008.Contig1) and *takeout* (Unigene15755) were both up-regulated in workers. Workers may have a stronger circadian rhythm than the queens because the queens usually lay eggs around the clock [@pone.0047954-Zeng1], while workers eventually venture outside to forage during the day time and rest at night.

In addition to those functionally annotated genes, there were also 214 differentially expressed genes with unknown functions, which may be involved in the queen-worker caste determination or caste-specific differentiation of many physiological characteristics. Although their functions remained unknown, some of them may be critical in differentiating between the queens and the workers.

In summary, we obtained whole transcriptome sequences of the *A. c. cerana* by high-throughput sequencing, and analyzed the gene expression differences between queens and workers. These results will provide a solid foundation for research on the molecular mechanisms of the biological traits of *A. c. cerana*.

Conclusions {#s4}
===========

Through next generation high throughput sequencing we obtained 46,999 unique sequences. Based on a similarity search with known proteins, a total of 24,630 unigenes were identified to have BLAST hits with a cut-off E-value above 10^−5^. Using these assembled sequences as a reference, we compared the gene expression differences between the adult queens and workers of *A. c. cerana*. A total of 414 genes showed differential expression between them. From these genes, we found many genes related to the physiological differences between the queens and workers. Our results will provide invaluable clues for researching the physiological differences between queens and workers.

Materials and Methods {#s5}
=====================

Insect {#s5a}
------

*A. c. cerana* were sampled from Honey bee Research Institute, Jiangxi Agricultural University, China. For transcriptome analysis three day old worker larvae; one day old worker pupae; and one day old adult workers, foragers, and nurses were sampled with five individuals per group. Total RNAs from these samples were isolated and pooled as one sample for transcriptome sequencing to obtain more sequence information of all the transcribed genes in *A. c. cerana*. For DGE analysis, five newly emerged workers and queens were sampled as two samples for RNA isolation and sequencing. The reason for choosing newly emerged adult stage in our DGE analysis is that this stage represents the endpoint of postembryonic development and the starting point for caste-specific task performance [@pone.0047954-Page1], and it is an important stage for exploring the molecular mechanism of many caste-specific traits of honeybee.

cDNA library preparation and Illumina sequencing for transcriptome analysis {#s5b}
---------------------------------------------------------------------------

To construct a cDNA library, total RNA was extracted from the above mentioned five *A. c. cerana* samples using the SV total RNA isolation system (Promega, USA) according to the manufacturer\'s protocol. Then, these five RNA samples were pooled (with equal amount of RNA from each stage) as one sample for transcriptome sequencing to obtain as much gene expression information as possible. Poly(A)+RNA was isolated from 20 µg of pooled total RNA using oligo(dT) magnetic beads according to Illumina manufacturer\'s instructions. Then, the purified mRNA was fragmented into short sequences in the fragmentation buffer at 94°C for 5 min. These cleaved, short RNA sequences were used as templates for first strand cDNA synthesis primed with random hexamers. The second-strand cDNA was synthesized using buffer, dNTPs, RNase H, and DNA polymerase I. Short fragments were purified with a QiaQuick PCR extraction kit (Qiagen, Germany) and resolved with EB buffer for end repair and poly(A) addition. Then, sequencing adaptors were added to the fragments, and suitable fragments were used as templates for PCR amplification after agarose gel electrophoresis, PCR products were purified using the QiaQuick PCR extraction kit (Qiagen, Germany) to create a cDNA library. Finally, the library (200 bp insert) was sequenced from both 5′ and 3′ ends using Illumina HiSeq TM 2000 (Illumina Inc., SanDiego, CA, USA). Sequencing-received raw image data was transformed by base calling into sequence data, which is called raw data or raw reads, and was stored in fastq format.

Analysis of Illumina sequencing results {#s5c}
---------------------------------------

Before performing bioinformatical analysis, the raw sequences were filtered to remove low quality reads. The filtration steps were as follows: 1, remove reads just containing adaptor sequence; 2, remove reads containing unknown nucleotide "N" over 5%; and 3, remove low quality reads (those with a ratio of bases with a quality value lower than 10 occupying more than 20% of the whole read). The remaining clean reads were used for further analysis and were deposited in the NCBI sequence read archive (SRX175819).

Transcriptome *de novo* assembly was carried out with a short reads assembling program--Trinity [@pone.0047954-Grabherr1]. The Trinity software first combined reads with a certain length of overlap to form longer fragments without N, forming contigs. Then the reads were mapped back to contigs, with paired-end reads it was able to detect contigs from the same transcript as well as the distances between these contigs. Then, Trinity connected these contigs to get consensus sequences that contained the least Ns and could not be extended on either end. Such sequences were defined as unigenes.

Finally, the obtained unigenes were searched against the protein databases NR, Swiss-Prot, KEGG, and COG using BLASTX with E-value \<10^−5^ to decide their direction. The best matched hits were used to decide the sequence direction of each unigene. If the search results of different databases conflicted with each other, a priority order of NR, Swiss-Prot, KEGG, and COG was followed. If a unigene could not be aligned to any of the above four databases, the software ESTScan [@pone.0047954-Iseli1] was introduced to decide its sequence direction.

After assembly, all the unigenes were firstly aligned by BLASTX to protein databases NR, Swiss-Prot, KEGG and COG (E-value \<10^−5^), retrieving proteins with the highest sequence similarity with the given unigenes along with their protein functional annotations. Based on NR annotation, we used the Blast2GO program [@pone.0047954-Conesa1] to get the GO annotations of unigenes. After getting GO annotation for each unigene, we used WEGO software [@pone.0047954-Ye1] to do GO functional classification for all unigenes and to understand the distribution of gene functions of the species from the macro level.

Digital gene expression library preparation and sequencing {#s5d}
----------------------------------------------------------

To construct the DGE library, total RNA was extracted from the one day old queen and worker samples using the SV Total RNA isolation System (Promega, USA) according to the manufacturer\'s protocol. Then, the libraries were constructed using the Illumina gene expression sample prep kit according to its protocol. Briefly, poly(A)+ RNA was purified from 6 µg of total RNA, using oligo(dT) magnetic beads. First, strand cDNA were directly synthesized on the poly(A)+ RNA-bound beads primed by oligo(dT). Then, the second strand was synthesized and digested with NlaIII, which recognized the CATG site. The digested cDNA fragments containing the 3′ ends were purified from the magnetic beads, and then the Illumina adaptor1 was added to the 5′ ends of these cDNA fragments. These fragments were further digested by another endonuclease MmeI, which recognized the junction of the Illumina adaptor1 and the CATG site, and cut at 17 bp downstream of CATG site to produce 21 bp tags containing the adaptor1 sequence. After removing the cleaved 3′ end sequences with magnetic beads precipitation, the Illumina adaptor2 was ligated to the 3′ ends of the tags to create a tag library containing many tags with different adaptors on both ends. Then, the library was amplified by PCR for 15 cycles. PCR products were segregated on 6% PAGE gel electrophoresis, and the 105 bp fragments were chosen and purified for sequencing. The double-strand DNA fragments were denatured, and the single-stranded molecules were fixed onto the Illumina sequencing chip for sequencing. Each tunnel of chip (flowcell) generated millions of raw tags with a length of 49 bp.

Analysis and mapping of DGE tags to transcriptome sequences {#s5e}
-----------------------------------------------------------

Sequencing-received raw image data was transformed by base calling into sequence data and stored in fastq format. Raw sequences were filtered by the following steps: 1, remove adaptor sequence (since tags are only 21 nt long while the sequencing reads are 49 nt long, raw sequences are with 3′ adaptor sequences); 2, remove empty tags (no tag sequence between the adaptors); 3, remove low quality tags (tags with unknown nucleotide "N"); 4, remove tags with only one copy number (which might result from sequencing errors); 5, remove of tags which are too long or too short. After filtration, the remained clean tags contain CATG and 21 bp tag sequences, and were deposited in the NCBI sequence read archive (SRX175818 for queens and SRX180263 for workers).

Before mapping, a tag library containing all the possible CATG+17 nt tag sequences was created using the assembled *A. c. cerana* transcriptome sequence data. Then, all the clean tags were mapped to this transcriptome reference database with only one nucleotide mismatch allowed. Clean tags that mapped to multiple genes were filtered. The remaining clean tags were designated as unambiguous clean tags. For gene expression analysis, the number of unambiguous clean tags for each gene was calculated and normalized to TPM (number of transcripts per million clean tags).

Evaluation of DGE libraries {#s5f}
---------------------------

To identify the differentially expressed genes between queen and worker libraries, a rigorous statistical algorithm was developed by consulting the method described by Audic [@pone.0047954-Audic1] to statistically analyze the tag frequency in each DGE library. The false discovery rate (FDR) was used to determine the threshold P-value in multiple tests. A FDR\<0.001 and an absolute E-value of the log2 ratio\>1 were used as the threshold to determine significant differences in gene expression. The identified differentially expressed genes were used for GO and KO enrichment analysis.

GO enrichment analysis of functional significance applies a hypergeometric test to map all differentially expressed genes to terms in GO database, looking for significantly enriched GO terms in differentially expressed genes comparing to the genome background. The calculating formula is:Where *N* is the number of all genes with GO annotation; *n* is the number of differentially expressed genes in *N*; *M* is the number of all genes that are annotated to the certain GO terms; *m* is the number of differentially expressed genes in *M*.

KEGG pathway enrichment analysis identifies significantly enriched metabolic pathways or signal transduction pathways in differentially expressed genes comparing with the whole genome background. The calculating formula is the same as that of GO analysis.

Quantitative RT-PCR validation {#s5g}
------------------------------

Total RNA was extracted from one day old queens and workers as described for the DGE library preparation. RNA integrity was determined by agarose gel (1%), electrophoresis, and ethidium bromide staining. The purity (260 nm/280 nm ratio between 1.8 and 2.0 for RNA) and concentration of each RNA sample was measured in triplicate using a UV spectrophotometer (GeneQuant, Pharmacia). The RNA sample was standardized to 1 μg/μl for reverse transcription. cDNA was synthesized using MLV reverse transcriptase (Takara, Japan) according to the manufacturer\'s instructions, and *β-actin* was used as an internal control [@pone.0047954-Loureno1]. qPCR primers were designed based on the nucleotide sequence of the chosen unigenes using Primer 5.0 software. Primer sequences and unigenes are summarized in Additional File 7.

The cycling conditions were as follows: preliminary 94°C for 2 min, 40 cycles including 94°C for 15 sec, 63°C for 30 sec, and 72°C for 30 sec. The specificity of the PCR products was verified by melting curve analysis for each sample. For each unigene, five biological replicates (with three technical replicate for each biological replicate) were performed. The control and target unigene for each sample were run in the same plate to eliminate interplate variation. The Ct value for each biological replicate was obtained by calculating the arithmetic mean of three technical replicate values. The relative expression level between queens and workers was calculated using the formula reported by Liu and Saint\'s [@pone.0047954-Liu1]. The differential expression was analyzed by analysis of variance (ANOVA) using StatView 5.01 (SAS Institute, Gary, NC, USA).

Supporting Information {#s6}
======================

###### 

**Saturation analysis of clean tags.** With the increase of total sequence number, the number of detected genes gradually ceased to increase.

(EPS)

###### 

Click here for additional data file.

###### 

Annotation of all the unigenes. 24,630 of the 46999 unigenes were annotated using BLASTX search in the five public databases (NR, Swissport, GO, COG, KEGG) with a cut-off E-value of 10^−5^.

(RAR)

###### 

Click here for additional data file.

###### 

KEGG analysis of the 15607 unigenes.

(XLS)

###### 

Click here for additional data file.

###### 

The differentially expressed genes between queens and workers. TPM: transcript copies per million tags. Raw intensity: the total number of tags sequenced for each gene. FDR: false discovery rate. We used FDR ≤0.001 and the absolute value of log~2~Ratio ≥1 as the threshold to judge the significance of gene expression difference. In order to calculate the log~2~Ratio and FDR, we used TPM value of 0.01 instead of 0 for genes that do not express in one sample.

(XLS)

###### 

Click here for additional data file.

###### 

Gene Ontology enrichment analysis of the differentially expressed genes. The results were summarized in three main categories: biological process, cellular component and molecular function.

(XLS)

###### 

Click here for additional data file.

###### 

KEGG pathway enrichment analysis of the differentially expressed genes.

(XLS)

###### 

Click here for additional data file.

###### 

Primers used for quantitative RT-PCR analysis.

(DOC)

###### 

Click here for additional data file.

We thank Mehgan Mibrath and two anonymous reviewers for their comments that improved this manuscript.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: ZJZ. Performed the experiments: TTL. Analyzed the data: ZLW. Contributed reagents/materials/analysis tools: WYY XBW. Wrote the paper: ZLW ZYH.
